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Abstract:  We numerically investigated the magnetic plasmon resonances in double-rod and triple-rod 
structures (DRSs and TRSs, respectively) for sensing applications. According to the equivalent circuit model, 
one magnetic plasmon mode was induced in the DRS. Due to the hybridization effect, two magnetic plasmon 
modes were obtained in the TRS. Compared with the electric plasmon resonance in a single-rod structure 
(SRS), the electromagnetic fields near the DRS and TRS were much more localized in the dielectric 
surrounding the structures at the resonance wavelengths. This caused the magnetic plasmon resonance 
wavelengths to become very sensitive to refractive index changes in the environment medium. As a result, a 
large figure of merit that is much larger than the electric plasmon modes of SRS could be obtained in the 
magnetic plasmon modes of DRS and TRS. These magnetic plasmon mode properties enable the use of DRSs 
and TRSs as sensing elements with remarkable performance. 
 
1. Introduction 
Optical sensors based on the excitation of surface plasmon resonance in nano-metallic structures have 
been greatly developed in recent years due to their great local field enhancement effect [1-8]. Various 
shapes of metal nanoparticles have been proposed, such as nanorods [9], nanoshells [10], nanocages [11], 
and nanostars [12]. Recently, Piliarik et al. predicted the ultimate performance of all major 
configurations of surface plasmon resonance sensors [13]. Double-rod structures (DRSs) were proposed 
by Shalaev et al. to realize magnetic plasmon resonance existent in split-ring resonators [14] and 
negative refraction in infrared frequency ranges [15]. In our previous work [16], a triple-rod structure 
(TRS) was reported. This structure could be seen as two coupled DRSs. Two orthogonal eigen magnetic 
plasmon modes could be excited in the TRS due to its strong hybridization effect. Omni-directional 
negative refraction [16] and great polarization changes [17] could also be realized in TRSs. 
In this paper, the magnetic plasmon modes in the DRS and TRS were employed to realize high-quality 
sensing. We investigated the sensing properties of the magnetic plasmon modes in the DRS/TRS and 
compared them with those of the electric plasmon modes in the SRS. Based on the simulations, the 
electromagnetic fields were greatly confined to the dielectric surrounding the designed structures at the 
magnetic plasmon resonance wavelengths, indicating that the magnetic plasmon modes were highly 
sensitive to refractive index changes in the dielectric. Together with the sharp dip and narrow full-width 
at half-maximum (FWHM) of the transmission curves, the magnetic plasmon modes of the DRS and 
TRS showed sensing performance far superior to that of the electric plasmon modes in the SRS. In 
particular, the short wavelength hybrid mode in TRS showed a figure of merit (FOM) of 96.3, which was 
larger than that of other structures investigated in this paper. 
 
2. Design of numerical models 
 
Fig. 1. Schematics of unit cell for (a) DRS and (b) TRS with related geometry parameters, h = 300nm, g = 20nm, d 
= 100nm, and the period p = 500nm. The blue arrows in the figures represented the probes detecting magnetic field 
component |Hz|.  
Figure 1 represents the schematic of the unit cell for the DRS and TRS. Both two-cube unit cells had the 
same length of side p = 500 nm. The length and cross-section diameter of the gold rods were h = 300 nm 
and d = 100 nm, respectively. The gap between the rods was g = 20 nm. The boundary of the cells for the 
DRS and TRS in the x- and z-directions was defined as a periodic condition; that in the y-direction was 
set as an open condition. We first set the medium surrounding the gold rods as air (n = 1) and studied the 
magnetic responses and transverse field distributions. Afterwards, we changed the refractive index of the 
surrounding medium to investigate the enhanced sensing characteristics.           
To study the magnetic plasmon characters of the proposed structures, the commercial software 
package CST Microwave Studio (Computer Simulation Technology GmbH, Darmstadt, Germany) was 
employed in the numerical analysis. The permittivity of gold was satisfied by the Drude model ε(ω) = 
1-ωp2/(ω2+iωτω), with plasma frequency ωp = 9.02 eV and damping constant ωτ = 0.027 eV [18]. 
Considering the grain boundary effect, surface scattering, and inhomogeneous broadening in the thin 
film, the damp constant used in the calculations was approximately three times as large as that of bulk 
gold [7]. 
3. Results and discussions 
In the simulations, the propagation direction of the linearly polarized incident wave was along the y-axis 
(Fig. 3). The polarization direction was defined by the angle θ between the electric field and the x-axis. 
For the DRS, the magnetic resonance mode was excited by the incident wave with θ = 0˚ (Figs. 
3(a)-3(b)). According to our previous work [17], two hybrid magnetic plasmon modes could be 
established for the TRS. When θ = 45˚ (Figs. 3(c)-3(d)), only the long wavelength mode (LW mode) was 
excited at λ+; when θ = -45˚ (Figs. 3(e)-3(f)), only the short wavelength mode (SW mode) was excited at 
λ-. In this paper, the magnetic response of the TRS was excited by the incident wave with θ = 45˚ and 
-45˚. Figure 2 shows the magnetic amplitude |Hz| recorded by the probes located inside the gaps between 
the nanorods (shown in Fig. 1). The resonance wavelength for the DRS was observed at λ0 = 1.167 μm; 
while for the TRS, the resonance wavelengths were at λ+ = 1.208 μm and λ- = 1.121 μm. To study the 
resonance properties of the three magnetic plasmon modes, the Q factor of the DRS and TRS was 
calculated based on the definition Q = (2πλ)/Δλ, where λ and Δλ were the resonance wavelengths and 
FWHM of the resonance peak, respectively. From our simulation results, the calculated Q factor of the 
magnetic plasmon mode in the DRS was Q0 = 806.87. For the LW and SW modes in the TRS, the Q 
factors were Q+ = 764.99 and Q- = 934.21. Obviously, the Q factor of the SW mode in TRS was the best. 
 
Fig. 2. Magnetic field amplitude |Hz| detected by the probes shown in Fig. 1.  
 
Fig. 3. Magnetic field distributions and electric field patterns at magnetic plasmon resonance wavelengths (a)-(b) 
λ0 for DRS, (c)-(d) λ+, and (e)-(f) λ- for TRS, respectively. The red arrows and the yellow ones in the figures 
showed the directions of the incident magnetic and electric fields. 
Figure 3 shows the magnetic field distributions in the middle section plane (y=150 nm) and the 
electric field patterns in the end plane (y=300 nm) of the nanorods at λ0 (Figs. 3(a)-3(b)) for the DRS, 
and λ+ (Fig. 3(c)-(d)) and λ- (Fig. 3(e)-(f)) for the TRS. For the DRS, the electric field was localized 
around the rods. In particular, the magnetic field was nearly confined inside the gap between the two 
rods, which showed much more confinement than the electric field. For the TRS, the two induced 
currents oscillated along the same direction in the middle rod for the LW mode but in opposite directions 
for the SW mode [17]. As a result, the electric field circled the middle-rod at λ+ (Fig. 3(c)-3(d)) and 
circled the two side-rods at λ- (Fig. 3(e)-3(f)). In order to provide good comparison, the plasmon 
resonance of SRS was also investigated. Two different plasmon modes could be excited in SRS under 
different incident polarization directions (Fig. 4). The longitudinal mode (LLSP mode) was excited by 
the electric field along the rod (Fig. 4(a)), and the transverse mode (TLSP mode) was excited by the 
electric field perpendicular to the rod (Fig. 4(b)). The comparison between Figs. 3 and 4 shows that the 
enhancement of the local electric field in the TRS was better than in both the SRS and DRS.  
 
Fig. 4. Electric field patterns at (a) LLSP and (b) TLSP wavelengths in the SRS. The yellow arrows in the figures 
represented the direction of the incident electric field. 
 
Fig. 5. Transmissions of metamaterials based on (a) DRSs and (b)-(c) TRSs with the incident cases shown in Fig. 3. 
(d) Dependence of resonant wavelength shifts to the refractive index of the dielectric surrounding the DRSs and 
TRSs, together with that in the SRSs. 
Due to the intensive localization of electromagnetic energy inside the proposed structures, the 
resonance wavelengths of the magnetic plasmon modes were very sensitive to the refractive index 
change in the surrounding materials. Thus, the DRS and TRS could be used as highly sensitive sensors. 
Figure 5 shows the dependence of the transmission and resonance wavelength shifts on the refractive 
index of the surrounding materials. From Figs. 5(a)-5(c), when the refractive index of the surrounding 
dielectric was varied from 1.0 to 1.4, the resonance wavelength of DRS shifted from 1.167 to 1.634 μm. 
For the TRS, the resonance wavelength shifted from 1.208 to 1.689 μm for the LW mode, and from 
1.121 to 1.567 μm for the SW mode. Figure 5(d) shows that the resonance wavelength shifts of the 
magnetic plasmon modes were perfectly linear over the whole refractive index range. Sensitivity, 
denoted as the slope of the resonance wavelength over the refractive index change, was 1160.3 
nm/refractive index unit (RIU) for the magnetic plasmon mode of the DRS. For the LW mode of the 
TRS, sensitivity was 1208.8 nm/RIU and larger than DRS. For the SW mode, sensitivity was 1114.6 
nm/RIU and smaller than DRS. To demonstrate the advantage of the magnetic plasmon modes for 
sensing, we also calculated the sensitivity of the electric plasmon resonances of SRS. Sensitivity of the 
LLSP mode was 912.7 nm/RIU, and 633.8 nm/RIU for the TLSP mode. Both of the sensitivities of the 
electric plasmon modes were much smaller than those of the magnetic plasmon modes of the DRS and 
TRS. 
To directly compare the overall sensing performance of the electric plasmon modes in SRSs and 
magnetic plasmon modes in DRSs and TRSs, a useful concept of FOM was used, defined as follows [1, 
6]:   
1
min
( ) (1 )
( )
m nm RIUFOM T
FWHM nm
−
= − ,                               (1) 
where m is the slope of the resonance wavelength over the refractive index change. The calculated m, 
FWHM, Tmin, and FOM values are given in Table I. It could be seen that the magnetic plasmon modes 
showed better sensing performance than the electric plasmon modes due to the high sensitivity and 
strong capability of electromagnetic field localization. For instance, the FOM for the SW mode was 96.3, 
approximately 21.7% greater than magnetic plasmon mode in the DRSs. It was also more than 35 times 
that of the LLSP mode in the SRSs. According to our previous semi-analytic theory [17-19], the 
imaginary part of the permeability element for the SW mode was smaller than that of the LW mode of 
TRSs and magnetic plasmon mode of DRSs. Therefore, the SW mode had a higher quality factor. As a 
result, the best FOM could still be obtained in the SW mode.        
Table I. Calculations of sensing performance by figure of merit (FOM) and the related parameters. 
Obviously, the SW mode in the TRS had the greatest FOM among that of the plasmon modes in the SRSs, 
DRSs and TRSs. 
—————————————————————————————— —————————————————————————————— 
Eigenmode                   m (nm/RIU)        FWHM (nm)             Tmin                    
FOM 
LLSP mode of SRSs                912.7                 357.24                  7.81x10-5              
2.55 
TLSP mode of SRSs                633.8                  8.77                       0.285                  
51.7 
MPR of DRSs                         1160.3                10.00                      0.318                  
79.1 
LW mode of TRSs                   1208.8                10.70                      0.330                  
75.7 
SW mode of TRSs                   1114.6                 8.37                       0.277                  
96.3 
—————————————————————————————— 
4. Conclusion 
In conclusion, we numerically investigated the sensing properties of the magnetic plasmon modes of 
DRSs and TRSs. The electromagnetic field was strongly confined within the proposed structures at the 
magnetic plasmon modes, leading to greater field-material interactions and increased sensitivity to the 
refractive index changes of the surrounding medium. In addition to high sensitivity, the transmission for 
the excitation of the hybrid SW mode of the TRS had a good Q factor and possessed a good FOM of 
96.3. Compared with the electric plasmon modes in the SRSs, the magnetic plasmon modes had higher 
sensitivity and could offer better performance as sensors in the infrared range.  
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